ATP-sensitive K ؉ (KATP) channels couple cell metabolism to electrical activity. To probe the role of KATP in glucose-induced insulin secretion, we have generated transgenic mice expressing a dominant-negative, GFP-tagged KATP channel subunit in which residues 132-134 (Gly-Tyr-Gly) in the selectivity filter were replaced by Ala-Ala-Ala, under control of the insulin promoter. Transgene expression was confirmed by both beta cell-specific green fluorescence and complete suppression of channel activity in those cells (Ϸ70%) that did fluoresce. Transgenic mice developed normally with no increased mortality and displayed normal body weight, blood glucose levels, and islet architecture. However, hyperinsulinism was evident in adult mice as (i) a disproportionately high level of circulating serum insulin for a given glucose concentration (Ϸ2-fold increase in blood insulin), (ii) enhanced glucose-induced insulin release from isolated islets, and (iii) mild yet significant enhancement in glucose tolerance. Enhanced glucose-induced insulin secretion results from both increased glucose sensitivity and increased release at saturating glucose concentration. The results suggest that incomplete suppression of KATP channel activity can give rise to a maintained hyperinsulinism. -induced insulin release (3). Direct evidence for this paradigm is provided by the stimulatory and inhibitory effects of the K ATP -specific drugs, sulfonylureas and diazoxide, respectively, on insulin secretion in vivo (4) and the generation of transgenic and knockout mouse models with expression of altered or deficient pancreatic K ATP (5-7) that exhibit beta cell dysfunction. Profound neonatal diabetes due to permanent suppression of insulin release is observed in transgenic mice expressing overactive beta cell K ATP channels, dramatically illustrating the ability of K ATP channels to inhibit secretion (8). Conversely, the recent discovery of numerous mutations in pancreatic K ATP channel subunits (both the poreforming Kir6.2 and SUR1) in human patients with persistent hyperinsulinemic hypoglycemia of infancy (PHHI) (3) establishes a causative link between suppressed K ATP activity, and the corollary metabolic disorder of hyperinsulinism (3). PHHIassociated K ATP mutations can be classified into two major categories: those that suppress channel activity without altering cell-surface expression, and biosynthetic or trafficking defects that reduce or abolish surface expression. In both cases, reduced K ATP channel activity is expected to result in constitutive depolarization, persistently elevated intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ), and unregulated insulin secretion (3). Most patients present with hyperinsulinemia and hypoglycemia within the first few days or first year of life (9). A few cases can be treated with the K ATP channel opener drug diazoxide, but the majority of cases require surgical removal of almost all of the pancreas (9).
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Genetic suppression of Kir6.2 and SUR1 has been undertaken in mice, to probe the roles of K ATP channels in vivo. Miki et al. (5) generated mice expressing a dominant-negative Kir6.2 mutant (Kir6.2[G132S]) in pancreatic beta cells under insulin promoter control. The G132S mutation perturbs the structure of the K ϩ -selectivity filter of the channel and renders channels nonfunctional or, perhaps, slightly Na ϩ -permeable (10) . Beta cells from these transgenic mice show reduced K ATP currents, accompanied by a significant increase in both the resting membrane potential and [Ca 2ϩ ] i (5) . Similar to PHHI phenotypes in humans, they also exhibit hypoglycemia with hyperinsulinemia as neonates. However, these mice develop moderate to severe hyperglycemia starting at 4 weeks of age because of extensive loss of beta cell mass through apoptosis. A similar phenotype is observed with both Kir6.2-and SUR1-knockout mice (6, 7), neither of which express any beta cell K ATP channels. Again, these mice show transient hypoglycemia as neonates, but glucose-induced insulin secretion is abolished or highly attenu- ated in adults, and the mice are normoglycemic (6, 7) , suggesting a compensatory nonelectrical regulation of secretion.
In the current study, we report the generation of transgenic mice with suppressed pancreatic K ATP currents that demonstrate hyperinsulinism as adults, but not as neonates. Transgenic mice demonstrate significantly higher circulating insulin levels, and enhanced glucose-induced insulin release from isolated islets compared with control littermates, together with increased pancreatic insulin content. These mice provide a unique model of K ATP -dependent hyperinsulinism and lead us to suggest a unifying hypothesis to explain the consequences of suppression of beta cell K ATP channel activity.
Experimental Procedures
Generation of Transgenic AAA-TG Line. The Kir6.2[AAA]-GFP construct ( Fig. 1) was generated by replacing the tripeptide 132 GFG 134 of the ion selectivity filter of Kir6.2 with nonpolar alanine residues, and by C-terminally tagging with enhanced GFP (EGFP) (Fig. 1) followed by one wash in DMEM supplemented with trypsin (0.01%) and EDTA (0.002%), and a final wash in DMEM. Trypsin-treated islets were dispersed by resuspending gently in complete RPMI medium 1640 [supplemented with FCS (10%), penicillin (100 units͞ml), and streptomycin (100 g͞ml)]. Beta cells were plated on glass coverslips and allowed to attach for 1 h at 37°C and maintained up to 3 days in complete RPMI medium 1640 at 37°C in a humidified incubator.
Immunohistological Analysis. Pancreata were fixed in Streck Tissue Fixative (Streck Laboratories, Omaha, NE) overnight, and paraffin embedded for serial sectioning (5 m thick). For immunofluorescence, sections were incubated overnight at 37°C with a guinea pig antiinsulin or antiglucagon primary antibodies (1:250 or 1:500, respectively; Linco Research, St. Charles, MO). Primary antibodies were detected by incubating for 1.5 h at 25°C with an anti-guinea pig secondary antibody conjugated with Alexa 488 fluorescent dye (Molecular Probes).
Electrophysiological Measurements. Excised patch-clamp experiments were performed as described (8) . The standard bath (intracellular) and pipette (extracellular) solution (K-INT) had the following composition: 140 mM KCl͞10 mM K-Hepes͞1 mM K-EGTA (pH 7.3). Macroscopic currents in isolated islet cells were recorded using standard whole-cell voltage clamp techniques. Cells were constantly perfused with a bath solution (Tyrode's, containing 137 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl 2 , 0.5 mM MgCl 2 , 5 mM Hepes, 3 mM NaHCO 3 , and 0.16 mM NaH 2 PO 4 ). Electrodes were filled with K-INT plus 1 mM MgCl 2 and 1 mM ATP. Two criteria were used to identify beta cells: large cells with capacitance Ͼ5 pF and, in the case of transgenic mice, islet cells that fluoresced green. Data were normally filtered at 0.5-3 kHz; signals were digitized at 22 kHz (Neurocorder, Neurodata, New York) and stored on videotape. Experiments were digitized into a microcomputer by using AXOTAPE software (Axon Instruments, Foster City, CA). Offline analysis was performed using either CLAMPFIT (Axon Instruments) or EXCEL (Microsoft).
Blood Glucose and Insulin Levels. Whole blood was assayed for glucose content using the glucose dehydrogenase-based enzymatic assay and quantitated using the Hemocue glucose meter (Hemocue, Mission Viejo, CA). Insulin levels were assayed in 15 l of serum using the Rat Insulin RIA kit according to manufacturer's procedure (Linco Research). Intraperitoneal glucose tolerance tests were made on 12-to 20-week-old mice, after 16-h fast. Animals were injected i.p. with glucose (1 g͞kg). Blood was isolated from the tail vein at times indicated and assayed for glucose content as described above. Insulin content was assayed in isolated islets of equal diameter (Ϸ100 m). Islets were sonicated in distilled water, then pelleted for 5 min at 1,000 ϫ g. Supernatant was removed and diluted 1:6,000 for RIA as described above. mM Hepes͞144 mM NaCl, and various glucose concentrations isosmotically replacing NaCl) for 30 min. Cells were continuously perfused in a narrow 35°C chamber (Ϸ300 l) with preheated Ringer's solution. Cells (5-15 per frame) were excited at 340 and 380 nM using a monochromator (TILL Photonics, Planegg, Germany) through a ϫ20 objective (IX70, Olympus, Tokyo) and imaged with a CCD camera (TILL Photonics). Emission ratios (Ͼ505 nm) were converted to [Ca 2ϩ ] after in vivo calibration; cells were exposed to 10 M ionomycin for Ͼ30 min to obtain R max , then to 20 M EGTA͞10 M ionomycin to obtain R min . Ratiometric analysis allows comparison between cells, relatively independently of cell thickness, dye loading, background, and autofluorescence. Under these conditions, interference of enhanced GFP (EGFP) fluorescence is minimal, because the excitation of EGFP is not significant at wavelengths Ͻ425 nm, obviating sorting of TG cells into green vs. nongreen cells (see Results). Whereas fura-4F fluorescence is largely targeted to the cytosol, cytosolic fluorescence of EGFP-tagged K ATP channels, measured separately under the same conditions, was relatively low (J.D.J., unpublished observations). [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , there was also no difference in serum insulin levels between AAA-TG and control littermates (8) . However, analysis of serum insulin levels of fasted and fed adult mice (4-8 months) indicated consistently 2.5-fold higher levels in AAA-TG than in control littermates (Table 1, Fig. 1B ). Adult mice underwent glucose tolerance testing after a 4-h fast. As shown in Fig. 1C , AAA-TG mice showed a modest, yet significant increase in glucose excursion and more rapid decline of glucose levels.
Results

Expression of
AAA-TG Beta Cells Express Variable Levels of Kir6.2[AAA]-GFP.
To confirm expression of the Kir6.2[AAA]-GFP protein, islets were isolated from AAA-TG mice at ages 4-8 months (Fig. 2) . Beta cell-specific green fluorescence is only present in AAA-TG islets, and all AAA-TG islets fluoresce with similar intensity. However, GFP expression within each islet, assessed by visual estimation of the number of fluorescing beta cells after cell dispersion, or by fluorescent confocal microscopy of whole islets, indicates incomplete penetrance of the Kir6.2[AAA] transgene. Approximately 70% of beta cells express the GFP-tagged transgene at visibly high levels, but Ϸ30% show no detectable fluorescence ( Fig. 2B ; for a confocal movie, see Movie 1, which is published as supporting information on the PNAS web site, www.pnas.org, or go to http:͞͞128.252.206.141). Such mosaic expression is common in the target tissue of transgenic mice (11) (12) (13) and is likely a consequence of the chromosomal site of insertion of the transgene.
Transgenic overexpression of nonfunctional Kir6.2 subunits is predicted to reduce channel activity through incorporation of inactive Kir6.2 subunits into tetrameric channels (14) . K ATP currents from isolated beta cells were analyzed using inside-out and whole-cell patch clamp techniques. Inside-out membrane patches from green AAA-TG beta cells showed no detectable K ATP channels (Fig. 3A) . By contrast, patches from nongreen AAA-TG beta cells showed similar channel activity, with similar ATP sensitivity, to patches from control beta cells (Fig. 3A) . Similarly, large K ATP currents developed after dialysis of control and nongreen AAA-TG beta cells with ATP-free solution, but no K ATP currents developed in green AAA-TG beta cells (Fig. 3  B and C) . The loss of hyperpolarizing K ATP current in green beta cells correlated with a significantly reduced resting potential ( 
Significance: * , P Ͻ 0.05; ** , P Ͻ 0.01. ] i are decreased (Fig. 3D) . Taken together, the electrophysiologic and Ca 2ϩ -imaging data are consistent with suppression of K ATP current, depolarization, and elevation of [Ca 2ϩ ] i in transgenic beta cells.
Insulin Hypersecretion from AAA-TG Islets. As shown in Fig. 4A , isolated islets from adult (2-24 months) AAA-TG mice display elevated insulin release at both nonstimulatory (1 mM) and stimulatory (Ն7 mM) glucose concentrations, compared with control mice. Moreover, glucose responsiveness is enhanced (i.e., the dose-response curve is shifted to the left) and the maximal response is elevated. This hypersecretion is likely to account for the significantly elevated serum insulin levels and increased glucose tolerance in transgenic Kir6.2[AAA] mice during both fed and fasting states (Table 1) . Beta cell insulin content is also significantly higher in transgenic islets (Fig. 4B,  Table 1 ), at least partially accounting for the elevated maximal insulin release.
Sulfonylurea drugs, such as glibenclamide, inhibit K ATP channels and can maximally stimulate insulin secretion. As shown in Fig. 4C , glibenclamide elevates insulin release to an almost constant, maximal level in both AAA-TG and control islets, but the maximal level in AAA-TG is almost double that in control. Diazoxide, a K ATP channel opener, suppresses insulin secretion to a minimal level at all glucose concentrations in both AAA-TG and control islets. Again, the minimal level is higher in AAA-TG than in control islets, further consistent with elevated insulin content in AAA-TG islets. The ability of diazoxide to suppress secretion at all glucose levels in AAA-TG islets indicates that, although K ATP channel activity is present in only Ϸ30% of cells, electrical coupling ensures that this is still sufficient to suppress secretion from the whole islet when activated.
Normal Islet Morphology Is Maintained in Kir6.2[AAA]
Islets. Immunohistochemical analyses were performed on sectioned pancreata from mice aged 3-4 months. Immunostaining of insulincontaining beta cells from a AAA-TG pancreas reveals normal islet size and distribution (Fig. 5, Table 1 ). Redistribution of alpha cells and qualitative loss of beta cell mass (as defined by reduced immunof luorescence), which are characteristic of Kir6. entry through depolarization-activated Ca 2ϩ channels, and fusion of insulin vesicles at the cell surface (15). As discussed above, major support for this model comes from examination of the genetic basis of PHHI. A large percentage of PHHI cases result from recessive mutations in the SUR1 or Kir6.2 genes themselves (9, 16), which cause the ''diffuse'' form of the disease in which islet appearance is grossly normal. Somatic loss of maternal 11p15 alleles causes ''focal'' islet hyperplasia due to deletion of growth-inhibitory genes, and unmasks paternal SUR1 or Kir6.2 mutations (9), responsible for the second major group of PHHI. In both cases, the expected consequences of these mutations are either a reduced number of functional K ATP channels, or K ATP channels that are insensitive to a fall in [ATP]͞[ADP] ratio and do not open appropriately to suppress insulin secretion (3).
Therefore, a critical test is to demonstrate that beta cellspecific suppression of K ATP channels in an otherwise isogenic background can recapitulate hyperinsulinism. Kir6.2 Ϫ/Ϫ and SUR1
Ϫ/Ϫ mice demonstrate a neonatal hyperinsulinism, although they revert to a hyposecretion and normal blood glucose levels within days (6, 7). Kir6.2 Ϫ/Ϫ and SUR1 Ϫ/Ϫ mice also lack K ATP channels in tissues other than beta cells, which may make it difficult to separate peripheral vs. beta cell-induced effects of K ATP suppression. However, beta cell-specific, dominantnegative Kir6.2[G123S] mice (5) demonstrate neonatal hypoglycemia and again revert to normoglycemia and hyposecretion within a few days. In contrast to these findings, the present AAA-TG mice show normal blood glucose and insulin levels as neonates, but are hyperinsulinemic through adulthood. Two questions arise from these findings: (i) What is the mechanistic basis for the hyperinsulinism in these animals? (ii) Do the present animals inform the mechanistic basis and progression of human hyperinsulinemia?
Mechanisms Regulating Insulin Secretion. AAA-TG mice demonstrate a very marked suppression of K ATP channel activity; 70% of beta cells express no measurable channel activity, whereas the remaining 30% express apparently normal levels. A leftward shift in the glucose-secretion curve is the primary predicted consequence of the decreased total K ATP conductance. This appears to be one of two distinct contributors to the hyperinsulinism in adult AAA-TG mice, the second being an elevation of peak insulin secretion at saturating glucose concentration, which correlates with, and probably results from, increased insulin content per islet. Although further studies with additional dominant-negative transgenic lines are required, we can speculate that this increase in insulin content is actually a secondary consequence of the left shift in insulin secretory response. At all glucose concentrations, insulin release will be enhanced, and the autocrine action of insulin (17) may then lead to enhanced production and beta cell insulin content.
In the previously characterized K ATP -deficient transgenic and knockout animals, abnormal appearance of peripherally distributed alpha cells among the core of insulin-containing beta cells (5-7) and a decrease in beta cell mass were observed in adult islets (6, 7) . This loss of beta cells likely underlies the overt hyperglycemia observed beginning at 4 weeks of age in Kir6.2[G123S] mice. A similar mechanism may cause reversion of hyperinsulinemia to a diabetic phenotype in at least some forms of human PHHI (18) . In contrast, immunocytochemistry reveals a normal size and distribution of islets in adult AAA-TG mice. As we consider below, this may reflect a slower progression of the consequence of reduced K ATP activity in AAA-TG than in other animal models, mirroring variable progression of human forms of K ATP -dependent hyperinsulinemia.
Mechanisms of PHHI. PHHI is characterized by dysregulated insulin secretion (19) with a variable clinical phenotype and can be a major cause of severe mental retardation and epilepsy if not treated properly (20) (21) (22) . Although symptoms of hypoglycemia can appear during the first postnatal hours or days, some cases involving K ATP mutations are only detected months after birth (9) . Probably most patients with K ATP defects are diazoxide unresponsive, indicating a significant lack of available channels, and most of these require partial or subtotal pancreatectomy within the first year (9). However, there are patients who carry heterozygous K ATP mutations and have not required surgery. In the extensive case series considered by de Lonlay et al. (9) , only one of these patients presented with a transient hyperinsulinemia.
The long-term progression of PHHI is complicated in many cases that are treated surgically, but patients generally progress toward diabetes, with unregulated secretion (23) and increased apoptosis (24) that could be a result of increased [Ca 2ϩ ] i resulting from maintained depolarization (25, 26) . A few PHHI cases have been examined in which there was no surgical treatment. In patients aged 11-13 years old, acute and prolonged insulin secretion were both suppressed, indicating that this progression can occur in untreated cases (18, 27) . In each of the previous genetic models of K ATP deficiency [in which beta cell K ATP currents are either completely absent (6, 7) or significantly reduced (5)], neonatal hyperinsulinemia and hypoglycemia very rapidly progressed to hyperglycemia with reduced glucoseinduced insulin secretion. Histological analysis revealed abnormal islet architecture, with enhanced apoptosis and a marked decrease in the number of beta cells in adult mice in the dominant-negative and Kir6.2 Ϫ/Ϫ models (5, 6). Adult Kir6.2 Ϫ/Ϫ mice (6) show no glucose-dependent insulin secretion, and older animals are also glucose intolerant. Similarly, in SUR1 Ϫ/Ϫ mice, first-phase insulin release is almost completely abolished and second-phase release is reduced (7) . Thus, hyperinsulinism is transient, and frank hypoglycemia with abnormally elevated insulin͞glucose ratios are only observed in the first few days of life. Conceivably, these mice demonstrate a particularly accelerated progression from hyperinsulinemia to diabetes as might occur in the most severe (i.e., completely K ATP channel deficient) versions of human hyperinsulinemia. AAA-TG differ significantly from the knockout mice in that whereas K ATP channels are essentially absent from Ϸ70% of beta cells, they are present at near-normal density in the remainder. Thus, the phenotype is a partial (i.e., cell-by-cell) knockout. Because of a partial syncitium in the islet (refs. 28 and 29; i.e., cells are electrically coupled to one another), these mice should, and do, still exhibit a K ATP dependence of insulin secretion, but with the set point of electrical activity, and hence secretion, shifted toward lower glucose concentration (Fig. 4A) . We propose the following hypothesis to explain the different phenotypes resulting from suppression of K ATP channel activity. The initiating consequence of reduced K ATP channel activity (whether due to decreased channel density or failure to activate) will be elevated [Ca 2ϩ ] i and insulin hypersecretion, the degree of hypersecretion (and the time of onset) being dependent on the degree of reduction of channel activity. Autocrine stimulation by insulin may further lead to enhanced insulin synthesis and levels within the islet. Conceivably, this reflects the situation in AAA-TG animals, which have a moderate suppression of K ATP activity. Above a threshold level of [Ca 2ϩ ] i , or other consequent stimulus (17) , exhaustion (30) (31) (32) and apoptosis (33) gradually leading to beta cell death and decline of insulin secretion may follow. This progression will occur fastest in animals with the lowest levels of K ATP channel activity (i.e., knockout animals).
This hypothesis makes important predictions about human hyperinsulinemia. The most severe (and perhaps most common) forms of the disease, in which K ATP channels are nearly or completely absent, would be expected to progress rapidly to beta cell apoptosis and diabetes, even without intervention. In less severe forms, in which some level of K ATP channel activity remains, this progression may occur more slowly. In the least severe forms of the disease, there may be a slower onset of hyperinsulinemia, and it may be chronically treatable without progression to beta cell failure. Importantly, although a complete lack of K ATP activity has been reported in human PHHI beta cells (34) (35) (36) , active K ATP channels have been observed in other patient samples (36, 37) , consistent with the reduced channel activity that is the result of many disease mutations when they are expressed in recombinant systems (3, 38, 39 ‡) . ‡Cosgrove, K. E., Gonzalez, A. M., Lee, A. T., Barnes, P. J., Hussaim, K., Aynsley-Green, A., Lindley, K. J., Pirotte, B., Lebrun We are very grateful to Dr. Stan Misler for use of his Ca 2ϩ imaging facility and for valuable discussions during the course of this work. This work was primarily supported by National Institutes of Health Grant DK55282 (to C.G.N.) and was also supported by the Washington University Diabetes Research and Training Center (Pilot grant support of J.C.K. and reagent support).
